Myc and p53 proteins are closely associated with many physiological cellular functions, including immune response and lymphocyte survival, and are expressed in the lymphoid organs, which are sites for the development and activation of B-cell malignancies. Genetic alterations and other mechanisms resulting in constitutive activation, rearrangement, or mutation of MYC and TP53 contribute to the development of lymphomas, progression and therapy resistance by gene dysregulation, activation of downstream anti-apoptotic pathways, and unfavorable microenvironment interactions. The cross-talk between the Myc and p53 proteins contributes to the inferior prognosis in many types of B-cell lymphomas. In this review, we present the physiological roles of Myc and p53 proteins, and recent advances in understanding the pathological roles of Myc, p53, and their cross-talk in lymphoid neoplasms. In addition, we highlight clinical trials of novel agents that directly or indirectly inhibit Myc and/or p53 protein functions and their signaling pathways. Although, to date, these trials have failed to overcome drug resistance, the new results have highlighted the clinical efficiency of targeting diverse mechanisms of action with the goal of optimizing novel therapeutic opportunities to eradicate lymphoma cells.
Introduction
B-cell lymphomas originate from mature B-cells, occurring at many points along with normal B-cell differentiation, including pre-germinal centers (GC), GC, and post GC B cells, which encounter genetic alterations driven by antigens. These alterations include the hierarchy of immunoglobulin (Ig) gene rearrangements and somatic hypermutation of Ig variable region (V) genes, and may cause inactivation of tumor suppressor genes and overexpression of oncogenes that, in turn, result in B-cell transformation. In addition to genetic alterations, microenvironmental factors that deliver positive signals for B-cell survival and growth may contribute to the development and progression of B-cell lymphomas. 1 A number of signaling pathways are involved in the initiation and development of B-cell lymphomagenesis. In particular, the functions of several key proteins that represent branching points in the signaling networks are altered as a result of aberrant expression, degradation, and/or accumulation, and these events determine the fate of the affected B-cells. Of these proteins, the most influential transcription factors involved in B-cell lymphomas are Myc and p53, with alterations in these molecules commonly associated with poor prognosis.
Myc aberrations are common in aggressive B-cell lymphoma subtypes. During B-cell lymphomagenesis, oncogenic Myc variants are deregulated via various mechanisms, such as gene translocation, gene amplification, and epigenetic deregulation of expression. 2 In most cases, aberrations include translocations or amplifications of the MYC coding region, leading to Myc overexpression and a change in protein function due to aberrations in the amino acid sequence or protein conformation. 3 On the other hand, Myc, as a transcription factor, functions as both an activator and a repressor of multiple downstream pathways, promoting proliferation and apoptosis of tumor cells. Myc overexpression adds to the existing oncogenic gene expression profile by enhancing activity of the already active genes in the tumor cells. 4 Myc contributes to oncogenic changes and cell transformation; however, its aberration alone is not sufficient to initiate lymphomagenesis. This is consistent with very low or negative Myc protein expression in normal lymphoid cells.
p53 is one of the most important molecules involved in the pathogenesis of cancers, including Bcell lymphomas. Tumor suppression by TP53 occurs via both transcription-dependent and transcriptionindependent activities. Transcription-dependent activities occur in the nucleus by which p53 regulates transcription of genes involved in the cell cycle, DNA repair, apoptosis, signaling, transcription, and metabolism. 5 Transcription-independent activities induce apoptosis and autophagy in the cytoplasm. Mutations in TP53 and dysregulation of the pathway are important in the pathogenesis of many human cancers, including lymphomas. In lymphoid malignancies, the frequency of TP53 deletions and mutations is lower than that in other types of cancers. Nonetheless, the status of TP53 is an independent prognostic factor in most lymphoma types. 6 Clinically, each of the Myc or p53 alterations functions as an independent marker of poor prognosis, and alterations in one or the other are detected in a variety of B-cell lymphomas. Notably, lymphomas with co-existent Myc and p53 alterations are synergistic, resulting in more aggressive lymphomas, and patients have a particularly poor prognosis with a short median survival time. 7 However, the molecular mechanisms underlying the bidirectional cross-talk between Myc and p53 in B-cell lymphomas have been relatively neglected. Many genes or pathways are involved in the cross-talk between Myc and p53, including Bmi-1, Mel-18, Krueppel-like factor 4 (KLF-4), POXM1, and adenosine diphosphate-ribosylation factor (Arf). Additionally, key microRNAs (miRs) (miR-34a and miR17-92) and the EpsteineBarr virus (EBV) connect the Myc activation to p53, and play a vital role in some B-cell lymphomas, as shown in Table 1 . Although identification of the molecular mechanisms between MYC and TP53 is challenging, the results may help to understand how the lymphoma cells escape apoptosis to develop and progress. Understanding these mechanisms will also provide an opportunity to identify new targets and develop novel agents to improve the therapeutic response in patients with various types of lymphomas.
In this review, we address the functional role and genetic alterations of MYC and TP53 in normal and neoplastic lymphoid cells, the potential clinical impact of these alterations in understanding the clinical and biological heterogeneity of B-cell lymphomas, and the prospects of targeting Myc and p53 as a part of new therapeutic strategies for these lymphomas. Recent advances have greatly enhanced our understanding of MYC and TP53 and have led to new insights into the mechanisms involved in dysregulated gene expression in various subtypes of lymphomas. This has unraveled cellular targets of mechanism-mediated drug resistance and new therapeutic approaches for the treatment of patients with lymphomas.
Myc and P53 function in normal lymphoid tissues
Myc acts as a transcription factor related to numerous physiological functions, and drives the increase in protein synthesis and the cell size of normal pre-transformed B-cells at all stages of B-cell development. Myc is essential and required in the antigendependent step of the maturational process of B lymphocytes.
8e11 Antigen naïve B-cells, usually characterized by the expression of surface IgM, encounter specific antigens and are activated with the assistance of T cells, which can trigger the production of the Myc transcription factor and the formation of GC. In the GCs of secondary follicles, B-cells produce the transcription factor B-cell lymphoma 6 (Bcl-6), which suppresses the expression of Myc through binding to the promoter of the MYC gene. In addition, Myc is present in B-cells located in the light zone, acquiring high antigen specificity and ensuring the most appropriate gene antigen affinity, which can suppress Bcl-6 expression and re-express Myc. After interacting with activated T cells, B-cells re-enter the dark zone of the GC to proliferate and undergo a series of divisions. Other B-cells in the light zone of the GC experience a different course of development and differentiation. Normally, these B-cells leave the GCs, do not reexpress Myc, downregulate Bcl-6 through the coordinated activity of several signaling pathways, and express B lymphocyte-induced maturation protein-1 (Blimp-1), which further suppresses Myc (Fig. 1) . These B-cells become early plasmablasts or eventually memory B cells. 2, 9 Notably, Myc is required during the initiation and re-entry into the dark zone from the light zone, whereas it is absent in most GC B-cells. 12, 13 p53 mediated critical functions within lymphoid cells including the response to genotoxic stress, differentiation, senescence, and cell death. 5, 14 However, unlike Myc, p53 does not act at a specific phase of the B-cell development and differentiation. P53 functions as the guardian of the genome, which is vital for cellular responses to oxidative stresses, and might be a key coordinator in aging and oxidative stress. In spite of a low or high level of oxidative stress, p53 regulates the expression of a panel of genes involved in the cellular response to oxidative stresses. In response to high levels of oxidative stress, p53 shows pro-oxidative activities that further up-regulate the levels of stress, causing cell death. However, at low levels of oxidative stress p53 exhibits antioxidant activities to eliminate oxidative stress and ensures cell survival. Myc is thought to function as a nonlinear amplifier of expression instead of an on-off specifier of genes, acting universally at active genes. 4 B-cell lymphoid malignancies are characterized by an altered signaling of antigen receptors, including, B-cell receptors (BCR), phosphatidylinositol 3 0 -kinase (PI3K), Toll-like receptors (TLR) and cluster of differentiation 19 (CD19) that are closely associated with Myc 18 (Fig. 2 ). Myc interacting with these targets or environmental antigen receptors provides neoplastic B-cells with growth and/or survival signals that play a vital role in the pathogenesis of lymphomas. In many B-cell lymphomas, Myc is constitutively activated more or less strongly and plays a pathogenic role. To a greater extent, Myc is activated because it functions as the major downstream effector of these pathways, conveying pro-survival and proliferation signals, summarized in the following sections.
The p19 ARF ep53 and MyceBcl-2-interacting mediator of cell death (Bim) pathways are activated to stimulate proliferation and play a vital role in promoting lymphomagenesis. There are no differences in cell cycle profiles between lymphomas expressing mutant Myc and wild-type, but they both induce lymphoma efficiently. Myc mutants reduce Bim, a BH3-only protein functioning as a member of the Bcl-2 family, to effectively inhibit Bcl-2, leading to abrogation of a parallel apoptotic signal transmitted from Myc to Bim. 19 Additionally, myeloid cell leukemia-1 (Mcl-1) has a major role in lymphomas initiating pro-B-cells to oppose Bim, which is upregulated in response to the oncogenic stress. 20 Wild-type Myc enforces expression of Bcl-2, or loss of either Bim or p53 function to disrupt the apoptosis of lymphoid cells. On the other hand, wild-type Myc can neutralize Bcl-2 by inducing Bim to trigger apoptosis. In contrast, Myc point mutants fail to induce Bim to evade apoptosis, which promotes lymphomas through escaping both wild-type p53 and p19 ARF . 21 Another molecular mechanism of MYC involved in the lymphomageneses is through protein inhibitor of activated signal transducer and activator of transcription 1 (STAT 1) (Pias-1) that is often upregulated in B-cell lymphomas. Pias-1 promotes the function of Myc toward the development of mature B-cells, whereas the overexpression of Myc and/or Pias-1 promotes lymphomagenesis, suggesting the possibility of repressing Pias-1 as a therapeutic target 22 ( Fig. 2 ). MiRs interact with Myc acting as a regulatory feedback that can influence the pre-or posttranscriptional expression of multiple genes shown in Table 1 . Myc increases expression of both let-7a and miR-34a in DLBCL cells. 23 Myc represses several miRs by the recruitment of histone deacetylase (HDAC) inhibitors, including miR15a/16-1, miR26a, miR29, and miR34, which contribute to tumor suppression through deregulation of apoptosis by targeting BCL2 and TP53 (miR15a/16-1 and miR34, respectively), promoting proliferation by targeting CDK6 (miR29a), or cell differentiation by targeting EZH2 (miR26a). On the other hand, Myc itself is also negatively regulated by some miRs, such as miR-34 and miR-494. 16 This regulatory loop is complex and still needs elucidation. Further, a positive feedback loop involving miR-26a, miR-29, MYC, and EZH2, exists in both cell lines and primary samples, supporting the presence of a MYC-miR-EZH2 positive feedback loop. Moreover, MYC-miR-26a-EZH2-miR-494 loop and the MYC-EZH2-miR-29 axis have been observed in Mycexpressing lymphoma cell lines and primary lymphoma cells. 24 Pathogenic modes and molecular mechanisms of p53 in B-cell lymphoma TP53 functions as one of the most important genes that regulate the apoptosis. The cellular commitment to apoptosis provides a fundamental benefit to the B-cells, and errors in this process may give rise to lymphoma. Disruption of TP53-dependent apoptosis plays an essential role in the development and progression of lymphoproliferative diseases. Loss of p53 function can result in enhanced rates of cell proliferation, resistance to cell death stimuli, genomic instability, and metastasis.
14,25 TP53 and p53 dysfunction in lymphoid malignancies can occur at the DNA, messenger RNA (mRNA), or protein level. Point mutations and missense mutations are the main mutations in hematologic malignancies, 90% and 79.9% respectively. Many TP53 mutants inhibit wild type (WT)-p53 function acting in a dominant-negative manner. Single allele mutations are frequently followed by loss of heterozygosity, which further induces lymphoma development.
26 TP53 mutation acts as a prognosis factor and is linked to worse clinical outcome in patients with DLBCL, chronic lymphocytic leukemia, splenic marginal zone lymphoma, and mantle cell lymphoma.
27e30 Moreover, small TP53 mutated subclones are associated with a worse prognosis and become predominant under conventional treatment, ultimately causing treatment refractoriness, 31 suggesting that increasing the frequency of TP53 mutations in lymphomas increases their clinical aggressiveness and the frequency of these neoplasms being refractory to therapy.
P53 can be activated by oncogenic stress and DNA damage 32 by two distinct signaling pathways that involve the kinase mediated phosphorylation of p53 by inhibition of mouse double minute 2 homolog (MDM2) and via p19
ARF and the cascade of ATM/ CHK2/1, causing p53 protein stabilization, respectively. 33e35 MDM2, an E3 ubiquitin ligase, is the most important negative regulator of p53. By binding directly to p53, MDM2 mediates ubiquitination-dependent degradation of p53, and by ubiquitinating itself, MDM2 targets itself for destruction and promotes the p53 tumor suppressor pathway. 25, 34, 36, 37 Heterodimerization with mouse double minute 4 homolog (MDM4) enhances the E3 activity of MDM2 toward p53, whereas MDM4 can also inhibit the E3 ligase activity of MDM2 under some circumstances. Through the direct binding to p53 at its trans-activation domain, MDM4 represses p53 transcriptional activity. Moreover, MDM4 can downregulate the stability of p53 by promoting MDM2-mediated degradation. 37 This regulatory mechanism involved in lymphomagenesis has been illustrated (Fig. 3) .
TP53, acting as one of the key tumor suppressor genes, induces activation of the intrinsic apoptotic pathway, and the p53 tumor suppressor is one of the first lines of defense against the effects of metabolic changes, hypoxia, genotoxic damage, and oncogene activation. 14, 15, 38 Upon transcriptional induction of genes encoding antioxidant and anti-apoptotic proteins, p53, downregulated by nuclear factor-kB (NF-kB), blocks cell apoptosis along the apoptotic pathways. 38 Briefly, p53 up-regulates NOXA and p53-upregulated modulator of apoptosis (PUMA; also known as Bcl-2-binding component 3 [BBC3]) which are two proteins of the Bcl-2 family. Next, NOXA and PUMA interact with Bcl-2-associated X protein (Bax) and Bcl-2 homologous antagonist/killer (Bak) at the mitochondrial site, and form the signaling complex or apoptosome to initiate apoptosis, followed by activation of the effector caspases-3, -6 and -7 to complete apoptosis. Both p53- Fig. 3 . Role of p53 in B-cell lymphoma pathogenesis. ATM: ataxia-telangiectasia mutated; ATR: ataxia telangiectasia and Rad3-related protein; CHK: checkpoint kinase; ARF: adenosine diphosphate-ribosylation factor; MDM2: mouse double minute 2 homolog; IRS: insulin receptor substrate; PI3K: phosphatidylinositol 3 0 -kinase; NF-kB: nuclear factor-kB; Stra6: stimulated by retinoic acid 6; BAK: B-cell lymphoma-2 homologous antagonist/killer; BAX: B-cell lymphoma-2-associated X protein; Puma: p53-upregulated modulator of apoptosis; SOD2: superoxide dismutase 2; Nrf2: nuclear factor erythroid 2-related factor 2; miRNA: micro RNA.
induced apoptosis and an increase of radical oxygen species (ROS) are strongly inhibited by the absence of Bax or PUMA. 39 DNA damage upregulates stimulated by retinoic acid 6 (Stra6) in a p53-dependent manner and has a critical role in cell death responses. Stra6 expression promotes significant amounts of apoptosis in normal and cancer cells, and influences p53-mediated cell fate decisions by turning an initial arrest response into cell death, 39 shown in Fig. 3 . The pro-oxidative activities of p53 increase cellular oxidative stresses to induce apoptosis through inhibition of the expression of antioxidant genes. P53 can inhibit expression of superoxide dismutase 2 (SOD2) 40 and nuclear factor erythroid 2-related factor 2 (Nrf2), 41 resulting in the induction of apoptosis or enhanced sensitivity to oxidative stress.
15 P53 and manganesedependent superoxide dismutase (MnSOD) act as sensors of the cellular responses to stress and one of the main anti-oxidant enzymes, and are involved in these processes. P53 could repress SOD2 gene expression at the promoter level whereas overexpression of MnSOD decreases p53-mediated induction of apoptosis. 40 Additionally, p53 induces cell cycle arrest via p21, inhibiting proliferation and serving as one of the major transcriptional targets of p53, 42, 43 and p21 WAF1/Cip1 regulates cell proliferation by inhibiting the activity of cyclin-dependent kinase (CDK) complexes at the G1/S and G2/M cell cycle checkpoints. 44 MiRs are also key factors to maintain the normal TP53 pathway, joining forces with MDM2 and MDM4 to guarantee proper p53 activity, 45 as shown in Table 1 . The dysregulation of these miRs is associated with poor clinical outcomes. 46 For example, miRs transactivated by p53 in lymphocytes include miR-15a, miR-16-1 which targets oncogene MYB, antiapoptotic Bcl-2 and Mcl-1, 47 and enhances expression of the LEU2 gene, 48 a locus deleted in 55% of chronic lymphocytic leukemia (CLL) cases (del13q14). Among the miRs, the miR-34 family (miR-34a, b, c), directly targets p53 transcription and plays a vital role in the TP53 network involved in apoptosis, cell cycle arrest, and senescence, and its loss can cause resistance to p53-mediated apoptosis. 46, 49, 50 MiR-34b and miR-34c, targeting Zeta-chain-associated protein kinase 70 (ZAP70), are deleted in 18% of CLL cases (del11q). 47 MiR-34a targets FOXP1, BCL2, and can block B-cell development when overexpressed, 51 whereas reduced miR-34a expression has been correlated with inferior overall survival (OS) in patients with DLBCL 52 and significantly shorter treatment-free survival in CLL patients. 53 The regulation of Sirtuin 1 (SIRT1) by miR34a is part of a positive feedback loop. SIRT1 can deacetylate and inactivate p53 resulting in impaired cell growth arrest and apoptosis in response to oxidative stress, whereas TP53 upregulates miR-34 expression that, in turn, promotes p53 by inhibiting SIRT1, 50, 51, 54 suggesting that the precise gene dose regulation by miRs has vital regulatory roles in the pathogenesis of B-cell lymphomas (Fig. 3) .
The cross-talk mechanism between Myc and p53
Clinically, MYC-rearrangement (MYC-R), Myc expression, loss of TP53, TP53 mutations, and high expression of p53 are associated with lymphomas that arise from GC B cells. Expression of Myc or p53 is often higher in clinically aggressive non-Hodgkin lymphoma (NHLs). 55, 56 Although expression of Myc or P53 individually has been shown to contribute to poor survival in DLBCL patients, the role of MYC-R or Myc expression associated TP53 genetic alterations or p53 expression has been relatively neglected.
Concurrent Myc and p53 expression impacts the prognosis of patients with B-cell lymphoma. 35 MYC-R or p53 expression alone are independent prognostic factors for DLBCL patients, whereas those with concurrent p53 expression and MYC-R display a worse prognosis. Ye et al 57 and Xie et al 58 have reported that Myc expression is similarly distributed between the GC B cell-like (GCB) and activated B cell-like (ABC) subtypes; however, the GCB-DLBCL patients with high Myc expression had a higher frequency of TP53 mutation. 59 In other studies, patients with DLBCL without Myc and p53 expression had the best overall survival. In contrast, patients with DLBCL harboring MYC-R or Myc expression and p53 expression had significantly worse OS, regardless of Bcl-2 expression status, 7, 60, 61 suggesting that p53 enhances the negative prognostic effect of Myc expression in DLBCL patients. 7, 62 Theoretically, dysregulation of Myc and p53 promotes tumor proliferation and apoptosis, and has a synergistic effect on tumor progression and resistance to chemotherapy, similar to the recent reports on double expressor DLBCL with Myc and Bcl-2 coexpression. Data regarding Myc and p53 being involved in bidirectional cross-talk in B-cell lymphomas are summarized in Fig. 4 and Table 2 .
The first cross-talk mechanism lies in the ability of Myc to inhibit Bmi-1 and Mel-18, and KLF-4 and POXM1 (which regulate Bmi-1); Bmi-1 inhibits Arf. Mounting evidence suggests that Arf has critical p53-independent tumor-suppressor functions, supported by the findings that TP53 and CDKN2A are frequently and simultaneously inactivated in human cancers. 63 Moreover, p19 ARF downregulates MDM2 and Arf-BP1, which mediates the ubiquitin-dependent degradation of p53, resulting in the accumulation of p53 protein involved in cell cycle arrest, apoptosis, or senescence. Additionally, Bmi-1 serves a key role in this pathway from Myc to p53, and its biological functions including development, cell cycle, DNA damage response, senescence, stem cells, selfrenewal, and cancer. In Bmi-1-deficient mice, expression of Ink4a and Arf is greatly increased in the hematopoietic cells, leading to the cell cycle arrest and p53-dependent apoptosis, respectively. 64 Bmi-1 collaborates with Myc in inducing proliferation and transformation of primary embryo fibroblasts in an Ink4aeARF dependent manner, which is associated with prohibiting Myc-mediated induction of p19 ARF and apoptosis.
65e68 Bmi-1 can also directly mediate the stability of p53, further negatively regulating cellular proliferation and tumorigenesis through the retinoblastoma protein (pRb)-p53 pathway. 67, 69 Meanwhile, Bmi-1 is positively mediated by forkhead box protein M1 (Foxm-1), E2F transcription factor 1 (E2F-1), and Sal-like protein 4 (Sall-4), whereas KLF4, Mel-18, and HDAC inhibitors suppress the expression at the transcriptional level. In addition, Mel-18 reduces Bmi-1 expression by inhibiting Myc, forming a positive regulator of Bmi-1. 70 MiR-34a and miR17-92 are the key miRs that connect Myc activation to p53 and play a vital pathogenic role in some B-cell lymphomas. miR-34a is inhibited by Myc and is transcriptionally activated by p53. 45, 46 MiR-34a is reported to have tumorsuppressive activity in DLBCL cell lines 23 and its expression is mediated by Myc, or through mechanisms that may involve epigenetic silencing of the miR-34a promoter or chromosomal deletion of the miR-34a genomic locus.
71e73 MiR-34a is also closely associated with TP53 through a feedback loop in which TP53 promotes miR-34 expression that, in turn, activates p53 through SIRT1 inhibition. Recently, miR-34a Fig. 4 . Cross-talk between p53 and Myc pathways. TLR; Toll-like receptors; MYD88: myeloid differentiation factor 88; TRAF6: tumor necrosis factor receptor associated factor 6; BCR: B-cell receptors; SYK: spleen tyrosine kinase; BTK: Bruton's tyrosine kinase; CD: cluster of differentiation; IRS: insulin receptor substrate; PI3K: phosphatidylinositol 3 0 -kinase; NF-kB: nuclear factor-kB; EBNA: EpsteineBarr virus nuclear antigen; EBV: EpsteineBarr virus; KLF4: Krueppel-like factor 4; FOXM1: forkhead box protein M1; miR: micro RNA; ARF: adenosine diphosphate-ribosylation factor; MDM2: mouse double minute 2 homolog; MDM4: mouse double minute 4 homolog; Sirt1: Sirtuin 1; mTORC1: mammalian target of rapamycin complex 1; mTORC2: mammalian target of rapamycin complex 2. was shown to also target MDM4. 45, 74 On the other hand, although most miRs directly regulated by Myc are usually repressed, Myc up-regulates the oncogenic miR17-92 cluster. The miR17-92 polycistron at 13q31 is commonly amplified in several subtypes of aggressive lymphomas, and its oncogenic function is regulated partly by the down-regulation of TP53, PTEN, and E2F1, facilitating the activation of the PI3K/AKT (protein kinase B, PKB) pathway and apoptosis inhibition, respectively.
EBV, a ubiquitous herpes virus, has a tendency to preferentially infect B lymphocytes and plays an important role in some EBV-associated B-cell lymphomas, in which EpsteineBarr viral nuclear antigen 2 (EBNA2) regulates Myc positively whereas EBNA3A and EBNA3C repress Arf, which forms a regulatory loop among EBV, Myc and p53. 75, 76 EBV latent antigens (EBNA1, EBNA2 and EBNA3C) are essential for in vitro B-cell immortalization leading to the continuously proliferating lymphoblastoid cell lines (LCLs). DNA damage of LCLs knocked down for EBNA3C experienced a drastic promotion of apoptosis, as a possible outcome of both p53-and E2F1-regulated activities. Mechanistically, EBNA3C inhibits E2F1 transcriptional activity via blocking its DNA binding activity at the responsive promoters of p73 and apoptotic protease activating factor 1 (Apaf-1) apoptosis inducing genes, and also facilitates E2F1 degradation in an ubiquitin-proteasome dependent fashion. 77 These results suggest that TP53 and MYC mutations are present in all types of lymphomas, which may help the tumor cells to escape the apoptotic effects of Myc; however, the details of the cross-talk mechanisms between Myc and p53 remain unclear. Through the cross-talk between Myc and p53, a number of genes and pathways are intimately connected in the development and progression of neoplastic B-cells, which participate in the construction of a complex biological network in B-cell lymphomas. Identification of the molecular mechanism between Myc and p53 is difficult as a large number of genes and pathways can be influenced by various factors. However, elucidating these mechanisms will greatly enhance our understanding of Myc and p53, and will lead to new insights into the mechanisms involved in the dysregulated gene expression in various types of B-cell lymphomas, and lead to the development of cellular targeting agents to overcome drug resistance in patients with lymphomas.
Therapeutic approaches and advancements with Myc and p53
Myc and p53 are widely present in normal and tumor cells, and play important roles in lymphomagenesis. However, the use of Myc and p53 inhibitors affects the cycle of normal cells, often clinically, resulting in adverse side effects in the patients. Although it is predicted that long-term treatment of lymphoma patients with Myc and/or p53 inhibitors eventually impairs the immune function, short-term administration of such agents might be possible and manageable. Technically, Myc and p53 can be inhibited by targeting the Myc components directly or indirectly by inhibiting the upstream signaling pathway components, and Myc inhibition also interrupts p53 as a result of being downregulated by Myc. Therefore, combining Myc or p53 inhibitors with cytotoxic chemotherapeutic drugs is a rational and logical therapeutic strategy that is currently being evaluated in trials. Therefore, optimization of the combination and personalized approaches is important and needs to be well defined. Here, we summarize the current research directions for targeted therapy of Myc and p53 pathways, in Fig. 5 and Table 3 .
Opportunities for MYC inhibition
Targeting Myc might be an alternative strategy for treating lymphoma patients. HDAC inhibitors are able to reduce the expression of Myc, 24, 78 whereas PI3K inhibitors can decrease Myc family protein stability by disrupting their regulation at the post-transcriptional level. 79, 80 CUDC-907, an oral small selective molecular inhibitor of both HDAC (class I and II) and PI3K (class Ia, b, and d) enzymes, has shown a promising outcome with rituximab in the treatment of patients with relapsed and refractory (R/R) DLBCL. 81e83 In a phase I trial, CUDC-907 was used in R/R DLBCL including patients with MYC-alterations, and the results showed an objective response rate in the evaluable patients of 64% (7 of 11; 4 complete responses and 3 partial responses), compared with 29% (2 of 7) in patients with MYC unaltered DLBCL. The median duration of response was 13.6 months in MYC-altered DLBCL versus 6 months in MYC unaltered DLBCL patients. The median progression-free survival (PFS) was 21.8 months (range, 1.0e25.4 months) for MYCaltered DLBCL patients, with a median PFS of 21.8 months (range, 1.0e16.4 months) for patients treated with monotherapy, and was not reached in patients treated with rituximab combined with CUDC-907. In comparison, the median PFS in MYC negative DLBCL patients was 1.3 months (range, 0.4e15.5 months). The most frequently reported grade !3 treatmentrelated events were neutropenia, diarrhea, fatigue, thrombocytopenia, and anemia, 81 suggesting that CUDC-907 is well tolerated and long-lasting stabilization of the disease can be obtained in MYC-altered, R/R DLBCL patients, as shown in Fig. 5 .
Other potential therapeutic targets of Myc include bromodomain-containing protein 4 (Brd4) and runtrelated transcription factor (Runx). Brd4 is essential for MYC transcription to address its regulatory function, and is a member of the bromodomain and extra-terminal domain (BET) subfamily of proteins. Delmore et al 68, 84 used JQ1, a small-molecule inhibitor of BET bromodomains, to selectively downregulate MYC transcription in the treatment of human multiple myeloma cells. In myeloma models of MYC-dependent hematologic malignancy, JQ1 shows an active antiproliferative effect related to cell cycle arrest and cellular senescence. Overall survival was increased in JQ1 treated mice compared to the vehicle control.
These studies offer a challenge to treat lymphomas with high Myc expression, and additional clinical trials are needed to better address the role of CUDC-907 in targeting Myc (Fig. 5) .
Lenalidomide functions as an immunomodulatory drug, but can also repress Myc and its target genes and proteins in plasma cells harboring MYC rearrangement. In a human tumor xenograft model, interferon regulatory factor 4 (IRF4) was the target gene of the tumoricidal effect of lenalidomide, as the upregulation of IRF4, a hallmark of ABC subtype DLBCL, was associated with high Myc expression. Lenalidomide decreases IRF4 levels in multiple myeloma cell lines and bone marrow samples with high levels of Myc 85e88 (Fig. 5) . A recent trial showed that lenalidomide combined with rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone (R-CHOP) appears to be particularly beneficial in non-GCB DLBCL, including Myc-positive DLBCL and highgrade B-cell lymphomas (features intermediate between DLBCL and Burkitt's lymphoma with a poor prognosis), showing no difference in the 24-month PFS or OS on the basis of non-GCB and GCB subtype (60% vs. 59% [P ¼ 0.83] and 83% vs. 75% [P ¼ 0.61] at 2 years, respectively). This trial will be one of the first trials to offer up-front adjusted treatment for Mycpositive DLBCL patients, with probably better treatment outcomes in these patients. 88 Lenalidomide is synergistic with R-CHOP and overcomes high-risk Myc-positive DLBCL with a poor prognosis, providing valuable insights into the synergistic effect, and this combination is a potential treatment for patients with R/R B-cell lymphomas.
Opportunities for p53 inhibition
Ibrutinib, a first-in-class, oral, irreversible inhibitor of Bruton's tyrosine kinase (BTK), a cytoplasmic signaling molecule situated downstream of the BCR, has shown promising results in the treatment of patients with B-cell malignancies 89 ( Fig. 5) . In a phase II, single-arm study, single-agent ibrutinib was used to treat 51 patients with previously untreated (n ¼ 35) and R/R (n ¼ 16) high-risk CLL with TP53 aberrations. 90 This study showed persistent responses in patients with CLL with TP53 aberrations, especially in patients with previously untreated disease. This response to ibrutinib was equivalent to the response in TP53 wild-type CLL cells, suggesting a p53-independent mechanism of action. Furthermore, histological transformation rates of CLL appeared to be lower than in CLL patients treated with conventional chemotherapy when used first line, emphasizing the role of up-front ibrutinib in patients with TP53 aberrations. 91 Moreover, in another single-arm phase Ib/II study, the PFS of all patients with TP53 mutation was 78% with an OS of 83.8% at 18 months. 91, 92 Other studies support many novel agents that may have potential as therapy for B-cell lymphomas with TP53 mutation. 93 Targeting the p53/p21 axis might be an alternative treatment strategy. RO-3306, a cyclindependent kinase 1 (CDK1) inhibitor, is able to modulate the balance of p53 functions, which blocks cell-cycle arrest by inhibiting p53-mediated activation of p21, and enhances apoptosis by reducing levels of antiapoptotic Bcl-2, survivin, and MDM2 in acute myeloid leukemia (AML) cell lines with WT-p53 (Fig. 5) . X-box binding protein 1 (XBP1) functions as a p53/p21 axis regulator through MDM2 in many cancers regardless of the p53 status (wild-type or mutant). Further, XBP1 suppression induces G0-G1 phase arrest and represses cell proliferation by negatively regulating the p53/p21 axis and enhancing p53 ubiquitination, which in turn down-regulates p21 expression 94 as shown in Fig. 5 . However, no clinical trials have been performed using inhibitors of the p53/ p21 axis in patients with B-cell lymphomas, and additional clinical trials are needed to better address the role of these agents to target p53 in B-cell lymphomas. 6, 95 Rapamycin, which targets mammalian target of rapamycin (mTOR), is an important mediator of intracellular signaling in B cells. Rapamycin and other rapalogs, including everolimus and temsirolimus, inhibit the activity of mTOR complex 1 (mTORC1) by binding to mTOR, and it has been verified in vivo that everolimus can downregulate AKT activity in hematopoietic cells 96 (Fig. 5) . Further, everolimus has been shown to have clinical activity in a variety of B cell lymphomas including CLL with TP53 deletion/mutation. 97 R/R CLL patients with TP53 disruption or purine analogue refractory disease had a short survival prior to the recent introduction of BCR and Bcl-2 inhibitor therapy. Clinical trials illustrated that alemtuzumab (anti-CD52 antibody) combined with high dose methylprednisolone therapy used in 22 R/R patients with CLL and TP53 deletion/mutation achieved an objective response rate (ORR) of 77%, median PFS of 6.5 months and median OS of 19.5 months. In this study, everolimus and alemtuzumab reportedly had ORR rates and PFS similar to those of alemtuzumab monotherapy, but with a longer median OS. 98 These data highlight that combined later generation mTOR inhibitors with less toxic B cell targeted drugs, such as anti-CD20 monoclonal antibodies or small molecule inhibitors, could provide a direction in designing future clinical trials in CLL or other B cell lymphomas. 97 Other agents or small molecular inhibitors have been studied. For example, arsenic trioxide (ATO) has been found to induce expression of Pirh2 E3 ligase at the transcriptional level, degrading mutant p53 for polyubiquitination and subsequent proteasome degradation (Fig. 5) . Moreover, ATO can cooperate with heat shock protein 90 (HSP90) or HDAC inhibitors, as well as induce the Pirh2-dependent proteasome pathway to promote mutant p53 degradation and growth suppression in tumor cells. 99 Another target, signal transducer and activator of transcription 1 (STAT1), acts as an oncogene in patients with high-risk DLBCL with an active host inflammatory response; targeting STAT1 mediated by BAL1 might be a strategy to increase the sensitivity of DLBCL towards classic therapy. 100 In all, these outcomes could pave the way for developing novel therapeutic strategies for clinical trials for the treatment of p53-associated B-cell lymphomas.
Concluding remarks
Both Myc and p53 are closely associated with physiological cellular functions, including immune response and lymphocyte survival, and are expressed in lymphoid organs in which the development and activation of B-cell malignancies occurs. However, Myc and p53 also have an anti-apoptotic role and the activation of these pathways is a common feature in various malignancies, independent of the cell of origin. Aberrant or mutant MYC contributes to lymphomagenesis by interacting with lymphoid cells or environmental antigen receptors, providing neoplastic B-cells with growth and/or survival signals, but MYC aberrations alone are insufficient to induce lymphomagenesis. TP53 dysfunction can result in enhanced rates of cell proliferation, resistance to cell death stimuli, genomic instability, and metastasis. As previously known, many genes and pathways are involved in the process of lymphoma transformation, constituting the regulating molecular web. For these reasons, the B-cell lymphomas function as preferential models for the action of Myc and p53; the cross-talk between Myc and p53 contributes to an inferior prognosis for patients with many B-cell neoplasms. Further knowledge of the cross-talk mechanisms is essential to better define the relationship and effect in each B-cell lymphoma subtype.
MYC and TP53 are an Achilles heel in many B-cell lymphomas, and therapies targeting these pathways have preliminarily shown encouraging therapeutic effects with minimal toxicity in patients with these diseases. Therefore, new agents designed to specifically target the MYC and TP53 pathways are being studied and developed. However, these agents, used as monotherapy or in combination with chemotherapy, have failed to achieve a favorable outcome and overcome tumor resistance. Further studies with the multitude of available agents are needed to create diverse possibilities for targeted therapy, and the outcomes will improve our understanding of the mechanisms of Myc and p53 in each type of B-cell lymphoma, as well as provide an opportunity to improve the therapeutic response for various types of lymphomas. Moreover, the goal in treating patients with B-cell lymphoma should be to combine Myc and p53 targeted inhibitors rationally and synergistically block several pathways, inducing apoptosis, and hopefully achieving efficacious treatment with less toxicity.
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